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論文内容要約 
Boron carbide is one of the hardness materials, just after diamond and cubic boron nitride. The crystal structure of boron 
carbide is very complex, consisting of 12-atom icosahedra with a 3-atom chain in a rhombohedral unit. It has been widely used 
as high performance ceramic materials for a wide range of engineering applications, since boron carbide has a low density of 
about 2.5g/cm
3
, ultra-high hardness, good thermal stability and low material costs. However, intrinsic brittleness associated 
with rigid covalent bond, the pretty low fracture toughness due to difficult motion of dislocation, and an abrupt drop in shear 
strength under high pressure in boron carbide have limited its widespread use. Designing ceramic components and 
modification of microstructures are ways to improve the mechanical properties of boron carbide. Particularly, boron carbide 
has a wide composition range from 8.8 to 20 at. % C to form thermodynamically stable solid solutions. Several theoretical and 
experimental studies have suggested that the atomic bonding, lattice constants, electron density, and mechanical properties of 
boron carbide change with B/C ratios. In this study, a systematic experimental investigation of the influence of B/C ratios, 
particularly in the boron-rich side, on microstructure and mechanical properties of boron carbide solid solutions has been 
studied by X-ray diffraction, Raman measurement, scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), annular bright field scanning transmission electron microscopy (ABF-STEM) and Nanoindentation tests. 
A series of boron-rich B4C containing excess contents of boron (10, 33, 43 and 55 wt.% boron) were prepared by hot-pressed 
at 1900-2200℃ and 13.8MPa. These samples all fall into the composition range of the single-phase boron carbide solid 
solutions correspond to the B/C ratios of 4.6 (B4.6C), 6.5 (B6.5C), 7.8 (B7.8C), 10.2 (B10.2C), respectively. With B/C ratio higher 
than 4, the carbon atoms are substituted by boron atoms. The variations in composition have an effect on the structure and 
mechanical properties. The as-sintered boron-rich boron carbides are almost fully dense except the sample with 10% excess 
boron which contains relatively high porosity. The densification of boron carbides appears enhanced by the excess boron 
addition. Small and black particles observed in regular B4C are identified as free carbon by the Raman spectra. Free carbon was 
not observed in boron-rich boron carbides. The grain sizes increase with excess boron contents in the boron-rich boron carbides 
under the same sintering conditions. Phase identification verifies that the main diffraction peaks from these samples correspond 
to the rhombohedral boron carbide phase, regardless of the C/B ratios. The free boron phase is not detected in all samples, 
suggesting that the excess amorphous boron dissolves into B4C by forming boron-rich boron carbide solid solutions. It has 
been found that excess boron substitution gives rise to expanded lattice constants. The lattice parameters, a and c, gradually 
increase with B/C ratios up to B7.8C, which could be possibly explained by the fact of boron has a slightly larger atomic radius 
than carbon. We also found that the B/C ratio dependence of the lattice parameters does not apply to the highest boron content 
B10.2C sample, which has a sudden little drop of the lattice parameters. The tendency of the change in lattice parameters with 
the reduction of carbon content suggests that the C-B-C chains are first replaced by C-B-B chains, whereas the substitution is 
not well-defined and full-ordered. The features of Raman spectra in the low frequency region are related to the phonon 
behaviors of three-atom chains. Variations of Raman peaks in the low frequency region of boron-rich boron carbides indicates 
that the excess boron may prefer to substitute for the carbon atoms in the 3-atom chains. The boron substitution leads to the 
orientational asymmetry of the chain structure and distortion of the icosahedra of rhombohedra B4C units in comparison with 
conventional carbon-rich boron carbides.  
Microstructure characterization reveals secondary phases appearing as intra-granular and inter-granular inclusions in boron-rich 
boron carbides. The secondary phases appearing as intra-granular inclusions are observed, which have a regular shape and 
align well along one direction. This indicates that the inclusions may precipitate from the B4C matrix, rather than be trapped 
into the grain during grain growth at the sintering temperature. TEM EDX elemental mappings demonstrate that the 
intra-granular and inter-granular secondary phases have a similar chemical composition which is comprised of Mg, Ca and O 
as metallic oxides possibly introduced by additives. Most planar defects observed in lower B/C ratio boron-rich boron carbides 
are stacking faults, while a high density of growth twins are observed in boron-rich boron carbides with higher boron content. 
The presence of stacking faults and growth twins in boron-rich boron carbides is usually attributed to applied high stresses 
during hot-pressing sintering and the mismatch of thermal expansion coefficients between the secondary phases and boron 
carbide matrix. Due to the limitation of unique chain structure, the stacking faults and twin interface are formed on the 
rhombohedral planes. The structure of 12-atom icosahedra and 3-atom chains maintain intact on the stacking faults plane and 
coherent twin interfaces, only the stacking sequence of 12-atoms icosahedra and direction of 3-atoms chain change. Most 
growth twins in the boron-rich boron carbides are asymmetric twins. Asymmetric twin interface in boron-rich boron carbides is 
attributed to the monoclinic distortion of rhombohedra lattice induced by the excess boron substitution. The primary structure 
of boron carbides is 12-atom icosahedra linked with 3-atom chains. Only the structure of symmetric configuration B12(CCC) 
and B12(CBC) are strictly adhere to R m symmetry, and the lattice parameters of these two structure are identical. While the 
12-atom icosahedra with one carbon atom cause a monoclinic distortion of the rhombohedral lattice thereby reducing the 
crystalline symmetry, small distortion present in other structures of boron carbide with asymmetric configuration, so the lattice 
parameters of other structures are not exactly identical. The twin interfaces formed in exactly symmetric rhombohedral 
structure are symmetric twin interfaces. However, absolutely symmetric twin interfaces have not been observed in boron-rich 
boron carbides. The presence of asymmetric twin interfaces in boron-rich boron carbides provides more experimental evidence 
for that the preferred configuration of stoichiometry B4C is 12-atom icosahedra with one carbon atom (B11Cp) linked by 3-atom 
chains (CBC), and the carbon atoms on the CBC chains are selectively substituted by excess boron atoms. When one stacking 
faults intersects with one twin interface, it left twin dislocations on the twin interface. The 12-atom icosahedra maintain intact 
while the direction of 3-atom chain is changed at the twin dislocation core. Incoherent twin interface is formed bordering two 
coherent twin interfaces with different orientation. Both the 12-atom icosahedra and 3-atom chains are distorted on the 
incoherent twin interface. The presence of incoherent twin interfaces provide evidence for the viewpoint that stacking faults 
and coherent twin interface can be formed only along the rhombohedral planes due the limitation of unique chain structure of 
born carbide. 
The interesting local discontinuities so called “pop-in” phenomenon can be observed under low applied force during loading 
process of nanoindentation experiments in all of boron-rich boron carbides. In order to further investigate the stress-induced 
structural evolution of boron-rich boron carbides at atomic scale, the cross-section of residual indented specimen for TEM 
observation is prepared by FIB lift-out technique. A small number of dislocations observed in boron-rich boron carbides give 
rise to shear displacement which is related to the “pop-in” phenomenon under low pressure. The ABF-STEM images show 
that the structure of the shear band near the indented surface displays the loss of periodic crystalline as local amorphization, 
while the structure of the shear band far from the indented surface does not experience obvious amorphization under the low 
indentation deformation. And the structure of icosahedra at interface between the shear displacement and crystal matrix cluster 
almost keep intact and are a little distorted without amorphiztion. The 3-atom chain structure are destroyed at the shear band. 
Due to the strong covalent bond, the difficulty in regular dislocation slip at low temperatures may result in the formation of 
amorphous shear band under high pressure. In order to investigate the evolution of amorphiztion of boron-rich boron carbides 
under high pressure, the Raman spectra has been collected from pristine and residual indented boron-rich boron carbides under 
applied loads ranging from 100 to 500 mN. The intensity ratio of D band with breath mode of icosahedra is reduced in 
boron-rich boron carbides due to the excess boron substitution. The decrease of intensity ratios of amorphous band with breath 
mode with the increase of B/C ratios indicates that the amorphous transformation induced by pressure is suppressed by the 
substitution of carbon atoms by boron atoms. The mechanical properties are evaluated from the force-displacement curves by 
the Oliver and Pharr method. The contact pressure quickly declines to a relative stable region with the increase of the depth and 
applied loads up to 40 mN. Then the hardness and elastic modulus dependent on the B/C ratio are measured under the 
maximum applied load of 200 mN. As a general trend, the hardness and elastic modulus of boron-rich boron carbides are lower 
than those of regular B4C and keep decrease with the increase of boron content, while the B10.2C sample shows relatively high 
hardness and modulus. It is worth noting that the dependence of the hardness and modulus on B/C ratios is reverse to that of 
the lattice parameters measured by XRD, suggesting that the expanded lattices, even in low proportion, caused by boron 
replacement give rise to reduced strength. Fracture toughness is estimated by penetration depths and indentation cracks. The 
fracture toughness of boron-rich boron carbides is measured at the maximum applied load of 400 mN, since the microcracks 
appear at the corners of residual indentations when the maximum applied force is larger than 400mN. The dependence of the 
fracture toughness on B/C ratios is reverse to that of hardness and modulus. The fracture toughness of boron-rich boron 
carbides is higher than that of regular B4C and keep increase with the increase of boron content, while the B10.2C sample 
doesn’t show the highest fracture toughness. The amorphous transformation is suppressed by the substitution of carbon atoms 
by boron atoms, so the subsequent cleaved fracture surfaces is also reduced by the excess boron content, the fracture toughness 
of boron-rich boron carbides measured by indentation is higher than that of regular B4C.  
This study suggests that the structure of single-phase covalent materials could be tailored by self-alloying for improved 
mechanical properties. 
